für P harm azeutische Biologie d e r T echnischen U n iv e rsitä t B raunschw eig, M endelssohnstr. 1, D-3300 Braunschw eig Z. N aturforsch. 38 c, 905 -909 (1983); received A ugust 26, 1983 Q uinolizidine A lkaloids, W oun d -In d u ctio n , D efense R esponse, L upinus polyphyllus C utting-up leaflets o f L upinus polyphyllus induces a ra p id increase o f q u in o liz id in e alk alo id accum ulation o f up to 400% w ithin 2 to 4.5 h. In con trast to th e d iu rn al alk alo id fo rm atio n , this reaction takes place b o th in the light an d th e d a rk and even at 4°C . T he effect is red u ced in chloram phenicol-treated sam ples b u t u n im p a ired in cyclo h ex im id e-treated assays. Since quinolizidine alkaloids c onstitute p ro b a b ly an im p o rta n t m eans o f a chem ical defense system o f lupins against m icrobes and herbivores, th e w o u n d -in d u c tio n o f alk alo id accu m u la tio n is discussed as a defense response.
Introduction
Q uinolizidine alkaloids are w idely d istrib u te d am ong Fabaceae [1, 2] . W e cam e to the conclusion that these alkaloids have evolved in legum es as a means o f a general defense system. A spects o f this defense include p lant-bacteria [3] , p la n t-h erb iv o re [4] and plant-plant [5] interactions.
The question arises if this defense system is co n stitutive or if it can respond to enviro n m en tal factors. A strong signal should be the w oun d in g o f a plant, w hich w ould be sim ila r to a h erb iv o ral attack.
In this com m unication we describe the increase o f alkaloid concentration in lu p in leaves afte r w o u n d ing. This dem onstrates the dynam ic state and ecological reactivity o f lupin alk alo id m etabolism .
Material and Methods

Plants
Plants o f Lupinus polyphyllus Lindl. w ere grow n outdoors under natural conditions. E xperim ents were perform ed during M ay and June w ith p re flowering and flow ering plants.
Wounding experiments
A O utdoor experim ents; leaflets o f L. polyphyllus were clipped w ith scissors. A fter 2 and 5 h the clipped leaflets w ere collected and th e ir alk alo id al contents w ere com pared to those o f u n clip p ed leaf lets from the sam e leaf. L aboratory experim ents; leaflets o f ab o u t 2 -3 leaves were pooled and cut into sm all segm ents o f 3 -5 mm width. These fragm ents w ere th o ro u g h ly m ixed to obtain a hom ogeneous sam ple. A b o u t 500 mg m aterial was taken for th e n o n -in d u ced control which was im m ed iately hom ogenized. Samples o f about 500 m g w ere taken for the in d u c tion experim ents. These leaf fragm ents w ere left floating on bidistilled w ater in a petri dish. In som e experim ents the w ater co ntained in h ib ito rs o f translation. Sam ples were eith er in cu b ated on the laboratory bench in the light, in the d ark at 24 °, o r 4°C . A fter 2 and 4.5 h the sam ples w ere collected and hom ogenized im m ediately.
Alkaloid extraction
L eaf sam ples and the respective in c u b atio n w ater were adjusted to pH 1 w ith 2 N HC1 and h o m o genized in a m ortar or an ultratu rrax . T h e resulting hom ogenate was m ade alkaline w ith 25% a m m o nium hydroxide and ap p lied onto sta n d ard E xtrelut (Merck, D arm stadt) colum ns. T he alk alo id s w ere extracted with m ethylene ch lo rid e and the eluate evaporated in vacuo at 30 °C [6] .
Capillary gas-liquid chromatography
A lkaloid extracts were sep arated on fused silica capillary columns u n d er stan d ard glc-conditions as described in [6 -8] . T he q u in o lizid in e alk alo id s o f L. polyphyllus have previously b een stu d ied in o u r laboratory and have been id en tified in this study by com paring the specific reten tio n indexes o f an alkaloid with th at o f an au th en tic sam p le [9, 10] ,
Assay o f oxosparteine synthase
A cetone pow ders w ere prep ared from cut-up leaf lets after 4 h and assayed for oxosparteine synthase [ 11] activity according to [6] , Results C om paring the alkaloid content o f a clipped leaflet to th at o f an untreated n eighbouring leaflet showed an increase o f indiv id u al quinolizidin e alkaloids up to 600% after 5 h (T able I). It was som ew hat difficult to handle this system, since the alkaloid content varies from leaflet to leaflet and because w ounding o f one leaflet seem ed to in fluence the alkaloid content o f the neighbourin g leaflet also.
T he subsequent experim ents w ere therefore p e r formed in the laboratory using excised leaflets or leaves. In these experim ents the leaflets w ere cut into small segm ents w hich w ere left floating on bidistilled water. U n d er these conditions the alkaloid content o f the segm ents increased in an alm ost linear fashion over the 4.5 h studied (Fig. 1 ). N o difference was observed in sam ples incu b ated in the dark or even in the refrig erato r at 4°C as com pared to those in cu b ated at 24 °C u n d er n atu ral light conditions.
In another set o f experim ents we co m p ared the change of alk alo id al content after w ounding o f intact leaves (petioles w ere cut), intact leaflets and cut-up leaflets (Fig. 2) . W hereas intact leaves seem ed to be only slightly influenced by w ounding, there was a m ark ed effect in leaflets and fragm ents.
To get a first id ea on the n a tu re o f the w oundinginduced increase o f alk alo id accum ulation, in hibitors o f tran slatio n were ad d e d to the in cu b atio n w ater (Fig. 1 ). W hereas cyclohexim ide was rath e r inactive, a m ark ed in h ib itio n o f the accu m u latio n was observed w hen ch lo ram p h en ico l, an in h ib ito r o f prokaryotic system s, was added. In cell suspension cultures o f L. polyphyllus q u in o lizid in e alkaloids only accum ulate in the light, thus follow ing a diurnal rhythm . T his d iu rn al activity can be in hibited by the ap p licatio n o f ch lo ram p h en ico l and not by cyclohexim ide (W ink, in p rep aratio n ). T hese first results, o b tain ed from th e w ounded leaves or the cell cultures, m ust be in te rp re ted w ith cau tio n , since it was n ot established if th e in h ib itio rs, i.e. tem pting to assum e th a t chlo ro p last genes are involved in the reg ulatio n o f q u in o lizid in e alk alo id m etabolism , especially since q u in o lizid in e alk alo id biosynthesis is localized in the chlo ro p last [ 12, 13] .
As concerns o xosparteine synthase activity (the key enzyme o f alkaloid form ation) no d ifference was observed betw een n on-induced controls, 907 induced leaflets or ch lo ram p h en ico l-treated leaflets (Table II) . This finding w ould in d icate th a t it is probably not de novo enzym e synthesis w hich is induced as is the case in the elicito r-in d u ced fo rm a tion o f phytoalexin [15, 16] , It has to be considered that an increase o f alkaloid accu m u latio n m ig h t be accom plished by a m od u latio n o f alk alo id turnover. Studying m ore th an 13 d ifferen t plants it was evident that the w ounding response d iffered in d i vidually (Table I) . Old and very young leaves, which according to th eir alk alo id contents w ere not actively producing alkaloids, tend to be less reactive to w ounding than actively p ro d u cin g leaves. O u t o f the individual alkaloids analyzed lu p an in e and 13-tigloyl-oxylupanine, the m ajo r alk alo id s o f lu p in leaves, usually displayed the strongest response.
Discussion
Like other plants lupins need defense system s against infection by b acteria, fungi and against predation by herbivores. W e have evidence th a t th e lupin alkaloids are one m eans o f th e chem ical defense system, since they are an tim icro b ial, allelopathic and h erbivore-repellent [3 -5] . T h ere is evidence that structurally d ifferen t secondary co m pounds play sim ilar roles in o th e r species [14, 18] .
Defense systems m ay be eith er in d u cib le or co n stitutive. Among the first gro u p are th e p hytoalexins [14] , Fungal attack, elicitors, and o th e r factors such as wounding and certain chem icals in d u ce the enzymes o f the p h en y lp ro p an o id pathw ay, espe cially phenylalanine am m o n ia lyase and conse-quently the fungitoxic phytoalexins in som e F abaceous species [1 4 -1 9 ] . T he induction o f a n ti m icrobial acridone alkaloid accum ulation in Ruta graveolens cell cultures by fungal elicitors seem s to fall also in this group [20] . An exciting and wellstudied exam ple o f an insect-or w ound-induced plant defense m echanism is the induction o f an ti m icrobial and repellent proteinase inhibitors in tom ato and other plants [21] . M ost o f the oth er secondary com pounds are considered to be con stitutive defense m easures if any role is attrib u ted to them at all.
The wound response o f lupins does not seem to fit strictly either the category o f a constitutive or an in duced defense, because m ost plants have intrinsic high levels o f quin olizidine alkaloids, w hich can be am plified, how ever, by w ounding. So lup in alkaloids are a qualitatively constitutive b u t q u a n titatively inducible trait. T he inducibility seem s to be im portant since the im m ed iate increase of quinolizidine alkaloids could d eter a p red a to r from further feeding and it w ould decrease the risk o f a bacterial infection developing in the w ound. It is rem arkable that the alkaloid accum ulation can be induced in the dark and even at 4°C , w hich is in contrast to the natural diurnal rhythm o f alkaloid accum ulation [6] : N o alkaloid is form ed in the dark under non-induced conditions. R eactivity in the dark would enable the lupin to respond to a herbivoral attack also at night. E xam ination o f the w ound areas o f lupin leaflets by fluorescence m icroscopy revealed w hite fluo r escent com pounds already 2 -3 h after w ounding. This fluorescence was very prom inent after 24 h. It is likely that these com pounds constitute phenolics (quinolizidine alkaloids do not fluoresce) w hich are considered to be antim icrobial and involved in the w ound-reaction o f plants [18] . This observation indicates that the chem ical defense system of lupins is not com posed o f a single com ponent b u t probably includes different groups o f natural products.
A nother exam ple for a reactive defense system are silicates in grass w hich could be induced by clipping, i.e. grazing [22] . Silification in grasses has long been viewed u n d er th e aspect o f coevolution o f grasses and hypsodont d en titio n in grazing m a m mals. Since herbivores can d iscrim in ate betw een high-and low -silica plants and will p referentially feed on the latter [23] , an in d u ctio n o f silification can am plify the d eterren t effect.
The observation th at w ounding induces an in creased alkaloid accu m u latio n in lu p in s raises the question w hether it is possible to in d u ce alkaloid form ation in lupin cell cultures, w hich usually accum ulate only low am o u n ts o f q u in o lizid in e alkaloids [7, 10] , Since these cell cu ltu res contain relatively active enzym es o f alk alo id biosynthesis [24] , they thus possess the potential o f alkaloid form ation. R ecent experim ents in d icate th a t a shorttim e (up to 170-fold) increase o f alk alo id form ation can be achieved in these cell cultures by treatm en t o f the cells w ith foreign alkaloids or polyam ines [25] . Since the rate o f alkaloid synthesis seem ed to be unim paired in these experim ents as concerned the activity o f oxosparteine synthase, we suggested th at the level o f tu rn o v er was the p a rt o f alkaloid m etabolism m ost influenced. W e h ave to test w hether the ind u ctio n o f alkaloid accu m u latio n upon w ounding is sim ilar in n atu re to th e induction observed in the cell cultures.
Considering these ecological in teractio n s, an other approach w ould be o p en for the m o d u latio n o f secondary com pound m etab o lism in p la n t cell cul tures, or for the d ev elo p m en t o f p la n t varieties resistant to plant pests.
